• Dissolved inorganic carbon (DIC) is rarely measured in water-quality monitoring.
H I G H L I G H T S
• Dissolved inorganic carbon (DIC) is rarely measured in water-quality monitoring.
• THINCARB models DIC using routine alkalinity, temperature and pH measurements.
• THINCARB was applied to a large UK river quality dataset ( N 250 sites over 39 years).
• DIC accounted for av. 80% of total dissolved carbon concentrations in UK rivers.
• Highlights importance of DIC in carbon fluxes from land, via rivers, to the coast.
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Introduction
River systems provide a vital link in the global carbon (C) cycle, by transferring, storing, and processing organic carbon (OC) and inorganic C (IC) between terrestrial and marine environments. The total global carbon flux between the continents and oceans is estimated (Meybeck, 1993) to be around 1 Gt-C year − 1 , and is composed of approximately equal proportions of OC and IC (Hope et al., 1994) . However, there is large geographical variability in the forms of C, with dissolved OC (DOC) dominating C fluxes in boreal rivers draining peat catchments (de Wit et al., 2015; Räike et al., 2015) and in tropical catchments (Wang et al., 2013) . Dissolved IC (DIC) in river water is composed of three main species: bicarbonate (HCO 3 − ), carbonate (CO 3 2 − ) and dissolved carbon dioxide (H 2 CO 3 ⁎ ).
DIC is derived from the combined effects of the weathering of carbonate rocks and soils, together with microbial breakdown of organic matter which releases CO 2 . The latter not only provides an additional source of IC to rivers, but also influences river-water pH which, in turn, governs the partitioning of DIC between HCO 3 − , CO 3 2 − and H 2 CO 3 ⁎ (Jarvie et al., 1997; Maberly, 1996) .
DIC plays a critical role in primary productivity, where it provides a bioavailable C source for aquatic plant photosynthesis (Keeley and Sandquist, 1992; Maberly and Madsen, 2002; Maberly and Spence, 1983; Sandjensen et al., 1992) , and DIC concentrations influence aquatic plant community structure (Jones et al., 2002; Maberly et al., 2015) . But, while DOC is a routinely-measured water quality parameter, DIC is measured infrequently in routine water quality monitoring (Baker et al., 2008) or often without due regard for degassing of CO 2 , with the exception of more detailed process-based studies (e.g., Billett and Harvey, 2013; Billett et al., 2004; Dawson et al., 2001a; Dawson et al., 2001b; Dawson et al., 2004; Palmer et al., 2001) . This means there is a strategic gap in information on the spatial variability and long-term temporal trends in riverine DIC. This is critical for understanding the sources, sinks and processing of C in catchments, and the wider coupling of C with other macronutrient (nitrogen and phosphorus) cycles along the land-water continuum (Huang et al., 2012) .
However, routinely-measured alkalinity, pH and water temperature measurements can be used to calculate DIC concentrations and speciation, using established thermodynamic equations. In this contribution, we extend existing algorithms from the proven thermodynamic model developed by Neal et al. (1998b) to evaluate CO 2 and CaCO 3 solubility in surface-and ground-waters. Those algorithms estimate the activities of the major inorganic carbon species (H 2 CO 3 ⁎ , HCO 3 − , CO 3 2− ), and were validated against field data and other thermodynamic models. While the Neal et al. model has proved invaluable to the authors, and has been widely applied in a range of freshwater settings (Dawson et al., 2009; Eatherall et al., 1998; Eatherall et al., 2000; Griffiths et al., 2007; Jarvie et al., 2005; Neal et al., 1998a; Neal et al., 1998c; Neal et al., 2002) , its application has become increasingly limited through time, for two reasons. Firstly, the spreadsheet package in which it was originally deployed (Lotus™ 1-2-3) has been discontinued. Secondly, the increasing availability of national-scale water-quality datasets, improvements in instrumentation, and a realisation of the added scientific value of high-frequency sampling, have resulted in much larger datasets (so-called "Big Data") which are beyond the sensible data processing capabilities of spreadsheets.
For this contribution, the Neal et al. model In this paper we document the THINCARB model, and use it to demonstrate the importance of quantifying DIC concentrations, by applying it to an extensive national water quality dataset: the UK Harmonised River Monitoring Scheme (HMS) water-quality dataset (c. 250 river sites, sampled typically on a monthly basis, over 39 years, 1974-2012) . The HMS river alkalinity, pH and temperature measurements were used to quantify, for the first time, DIC concentrations and speciation, and their contributions to total dissolved carbon (TDC) across all the major British rivers discharging to the coastal zone. By then combining the THINCARB model outputs with the HMS DOC datasets, and with spatial land use, geology, digital elevation and hydrological datasets, we: (a) provide a first national-scale evaluation of spatial and temporal patterns in DIC concentrations; (b) explore the significance of bicarbonate weathering sources and CO 2 production from microbial respiration for DIC concentrations and trends across different river typologies; and (c) examine the relative magnitude of DIC and DOC contributions to dissolved carbon fluxes from British rivers to the coastal zone. Neal et al. (1998b) 
Methods
Overview of the original
model
The basis of the Neal et al. model is an equation for the excess partial pressure of carbon dioxide in a water sample, EpCO 2 , of the form
where the numerator is the dissolved CO 2 concentration in the water sample and the denominator is the dissolved CO 2 concentration in pure water in equilibrium with the atmosphere at the same temperature and pressure. Values of EpCO 2 of 0.1, 1 and 10 correspond to a tenth saturation, saturation and ten times saturation, respectively. The constituent variables of Eq. (1) are: the Gran alkalinity (see Appendix A), Alk Gran ; the hydrogen ion activity (from the pH), [H + ]; the partial pressure of CO 2 in air at STP (pCO 2 ); and the equilibrium constants for the speciation reactions values of the calcium concentration in solution ("case 5"). CaCO 3 solubility is quantified in the model in terms of the saturation index for the mineral calcite (SI calcite ), the logarithm of the ratio of the ionic product for calcite saturation divided by the equilibrium constant for calcite: thus values of −1, 0 and 1, correspond to a tenth saturation, saturation and ten times saturation, respectively. An additional over-arching correction recognises that pCO 2 varies with altitude. The model does not correct for any contribution that the presence of organic acids or aluminium may have on Alk Gran . In general the model works well across the range 6 ≤ pH ≤ 10, but in more acidic waters the errors in alkalinity increase as there may be significant buffers other than the inorganic CO 2 system (Neal, 1988b) . In these cases, more specialised non-routine measurements are required ) such as alkalimetric rather than acidimetric titrations (Neal, 1988a; , or direct measurements based on, for example, "head space" measurements of CO 2 (Hope et al., 1995) .
The THINCARB model
The original Neal et al. model, implemented in a macro-enabled Lotus™ 1-2-3 spreadsheet, was first translated into an Excel™ spreadsheet. In the process, minor corrections were made to eliminate small errors in the original formulae and altitude compensation of EpCO 2 was introduced (see Appendix B).
For any given set of water quality data, the model calculates four estimates of EpCO 2 , corresponding to "cases" 1, 2, 3 and 5 in Neal et al. The first three estimates are immediate and direct calculations, but the "case 5" estimate is determined by optimisation using the "case 3" estimate as a seed value. Within the Excel™ spreadsheet this optimisation is performed by a Visual Basic macro calling the "Goal Seek" algorithm to iteratively minimise the charge balance to a target value (typically zero). One advantage of this approach to implementation is that it permits the end user to obtain meaningful estimates of EpCO 2 even if the security settings on their computer disable embedded macros, though the optimisation procedure is obviously to be recommended. In principle, this approach also allows the THINCARB model to be implemented in other spreadsheet programs (with different intrinsic functions) should the need arise. Under optimal conditions (e.g. pH N 6.5, Alk Gran N 50 μeq/L) the EpCO 2 estimates derived from "case 3" and "case 5" are remarkably consistent (see Appendix C). Altitude compensation is applied to the "case 5" estimate only. The output from the Excel™ implementation of THINCARB was validated against the results presented by Neal et al.
To , and CaOH − ), the equilibrium constants for their formation/dissociation, and the corresponding activity coefficients. Since the molar concentration of an ion is equal to its activity divided by the relevant activity coefficient it then follows, for example, that
where c i is the mass concentration of species i, m i is the formula weight of that species, the [] brackets denote that species activity, and γ 1 and γ 2 are the monovalent and divalent activity coefficients, respectively. For a neutral species the activity coefficient is taken to be unity. The concentration of C, in any species containing carbon, is then simply 12/m i of any concentration calculated above. The total concentration of IC, DIC total , is then the sum of those C concentrations over all the inorganic species containing C. In the THINCARB model, in decreasing order of a species' contribution The calculations performed by the Excel™ spreadsheet were subsequently coded into Python programs to enable cross-platform deployment of THINCARB, and provide greater flexibility for processing large datasets. Source code for Python versions 2.7.x and 3.x.x has been provided. At present Python THINCARB is intended to be run locally, but it is worth noting that the Python language also supports cloud services, something which may interest potential future developers. Versions of Python THINCARB that process data stored in Python lists in the source code itself, or stored in an external file, are available.
In the Python programs the different parameters have been named after the column headers in the Excel™ spreadsheet implementation of THINCARB to facilitate interpretation. One difference in the Python implementation is that in place of the "Goal Seek" optimiser a simple, but tenacious, bisection algorithm has been used. This generally achieves a residual charge balance that is much closer to the target than that achieved in the spreadsheet. But when both implementations of THINCARB are forced to minimise to the same near-zero residual charge balance the results are the same within the limits of floatingpoint number handling.
The THINCARB model is free to use, open-source, and publicallyavailable on GitHub at http://smk78.github.io/thincarb/. Instructions for use, and example input and output datasets, are also provided so that the end user may check their deployment of the model. THINCARB has been given a permissive licence to facilitate its use and community development.
Application of the THINCARB model to the Harmonised Monitoring Scheme river chemistry dataset
The Harmonised Monitoring Scheme is a major initiative to measure water quality in the major rivers draining to coastal areas in Great Britain ( Fig. 1) (https://data.gov.uk/dataset/historic-uk-water-qualitysampling-harmonised-monitoring-scheme-summary-data). The HMS monitoring sites provide comprehensive spatial coverage of river typologies, from upland to lowland, rural and agricultural, to urban, and across a wide range of hydrogeological settings (Davies and Neal, 2007; Hurley et al., 1996; Littlewood et al., 1998; Robson and Neal, 1997) . In the past, the HMS river chemistry datasets have been used to explore spatial and temporal patterns in DOC in British rivers (Worrall and Burt, 2010; Worrall et al., 2012) but, like most water quality monitoring studies, there are no corresponding DIC measurements. However, pH, alkalinity and temperature are routinely measured. To address the gap in DIC measurements, we applied the THINCARB model to the HMS dataset. More than 122,000 HMS river water samples (collected from 264 sites between 1974 and 2012), recorded simultaneous pH and alkalinity measurements, which allowed calculation of both DIC concentrations (and component species HCO 3 − , CO 3 2 − and H 2 CO 3 ⁎ ) and EpCO 2 using THINCARB. A smaller number of HMS river chemistry samples (25,775) were measured for DOC. Of these, 11,073 samples had simultaneous DOC, pH and alkalinity measurements, allowing calculation of total dissolved carbon concentrations (TDC = DOC + DIC). For these HMS data, 99% of samples had pH measurements 6 ≤ pH ≤ 10, i.e., within the optimal range for model performance.
All the HMS river chemistry sites are at, or close by, flow gauging stations. Each HMS river chemistry site was therefore matched with its corresponding gauging station, and catchment areas, hydrological data and statistics, and elevation, hydrogeology, and land cover data were extracted from the UK National River Flow Archive (NRFA) datasets (http://nrfa.ceh.ac.uk).
Of the 264 HMS river chemistry monitoring sites, a selection of rivers were chosen for more detailed analysis of temporal variability in DIC concentrations, speciation and fluxes in relation to DOC. Information about these rivers and their catchments are summarised in Table 1 , with more detailed catchment descriptions provided in the Supplementary Material.
Results
Summary site statistics and correlations with catchment characteristics
A summary of the entire sample dataset for DIC, EpCO 2 , DOC, and DIC expressed as a percentage of TDC (%DIC) is shown in Fig. 2 , as frequency distributions. The median DIC concentration was 27 mg-C L − 1 , compared 4.4 mg-C L −1 for DOC, and DIC was the predominant fraction (accounting for N50% of TDC in 87% of the samples). Median EpCO 2 was 6 times atmospheric pressure, with 97% of samples oversaturated with respect to CO 2 (i.e., EpCO 2 N 1), and 23% of samples oversaturated by more than ten times atmospheric pressure of CO 2 . For each river monitoring site, summary statistics for DIC, EpCO 2 , DOC, and %DIC were calculated and are presented in the Supplementary Material (Tables SI1-4 ). The correlation statistics for the relationships between median values of DIC, DOC, %DIC and EpCO 2 for each river sampling site and catchment characteristics are shown in Table 2 , and are outlined here, as follows:
• Median site DIC was positively correlated (P b 0.01) with: catchment area; baseflow index (a measure of the ratio of long-term baseflow to total stream flow, representing the contribution of groundwater to river flow); mean soil moisture deficit; the percentage of the catchment underlain by high-and moderate-permeability bedrock and high-permeability superficial deposits; the percentage of arable or horticultural land, and percentage of urban land cover. Median site DIC was negatively correlated (P b 0.01) with: standard annual average rainfall; the proportion of time that soils are wet; the percentage of the catchment underlain by low-permeability bedrock and low-permeability superficial deposits; altitude (level) statistics; and the percentage of woodland, grassland and mountain, heath or bog.
• Median site DIC expressed as percentage of TDC (%DIC) showed very similar correlation patterns to DIC, reflecting the transition from lower DIC in upland higher-altitude catchments (with high annual average rainfall, lower permeability geology, and wetter soils, and higher proportions of woodland, and mountain heath or bog) to higher DIC in lowland catchments (with higher baseflow index and high-permeability geology, and higher percentages of arable or horticultural and urban land cover). • Median site EpCO 2 also showed a transition between the lowlands and uplands. EpCO 2 was positively correlated (P b 0.01) with highpermeability bedrock and high-permeability superficial deposits, mean soil moisture deficit, and the percentage of arable or horticultural land and the percentage of urban land cover. Median site EpCO 2 was negatively correlated (P b 0.01) with standard annual average rainfall, the proportion of time that soils are wet, lowpermeability bedrock, altitude, and percentage of mountain heath, or bog).
• Median site DOC was positively correlated (P b 0.01 significance) with the mean soil moisture deficit, the percentage of high-permeability bedrock, high-permeability, low-permeability and mixedpermeability superficial deposits and the percentage of urban land cover. Mean site DOC was negatively correlated (P b 0.01) with baseflow index, standard annual average rainfall, low-permeability bedrock, altitude, and the percentage of grassland.
• All four C variables (DIC, DOC, %DIC and EpCO 2 ) were positively correlated (P b 0.01) with the proportion of urban land, suggesting that urban areas may provide sources of both inorganic and organic C species.
Spatial variations in carbon concentrations and speciation along an upland-lowland land-use continuum
The transitions in DIC, DOC and %DIC with changing altitude and percent arable or horticultural land are shown in Fig. 3 . Average values in C fractions with increasing altitude (b 150 m, 150-300 m and N 300 m), and increasing proportions of agricultural and horticultural land (b 5%, 5-10%, 10-30%, and N30%) are shown in Figs. 4 and 5, respectively. Arable and horticultural land predominates in lowland catchments, as there is a direct link between the altitude of the catchment and the proportion of arable land. However, although DIC and %DIC are negatively correlated with altitude and positively correlated with arable or horticultural land (P b 0.01)(Table 2), the strength of these correlations is and 4). EpCO 2 also increased with reductions in altitude, from 3.8 × atm. press. in the uplands to 6.4× atm. press. in the lowlands (Fig. 4) . In comparison, there was relatively little change in DOC with altitude. Median DIC expressed as a percentage of TDC increased markedly with decreasing altitude, from 45% in the uplands to 89% in the lowlands. Across the entire upland-lowland continuum, HCO 3 − was the dominant inorganic C fraction, accounting for 78% of DIC in the uplands, and rising to 96% of DIC in the lowlands. CO 3 2− accounted for a negligible proportion (typically b0.5%) of DIC in all these rivers. However, the proportion of DIC as dissolved CO 2 (H 2 CO 3 ⁎ ) decreased from 22% in the uplands to just 4% in the lowlands. DIC increased steadily from 10 mg-C L −1 in the catchments with the lowest proportions of arable or horticultural land use (b 5%), to 50 mg-C L −1 in catchments where N 30% of the land was under arable or horticulture (Fig. 3) . There was little change in concentrations of DOC with increasing arable land use, with median DOC consistently c. 4-5 mg-C L −1
, but there were small increases in EpCO 2 , from 4.5× atm. press in the catchments with the lowest proportions of arable/horticultural land, to 6.5× atm. press. in the catchments with N 30% arable or horticultural land (Fig. 5) . Median DIC as a percentage of TDC (%DIC) increased from 43% in catchments with b5% arable/horticulture, to 91% in catchments with N 30% arable or horticulture. HCO 3 − , as a percentage of DIC, increased from 88% to 97% with increasing percentage of arable or horticulture land; correspondingly, H 2 CO 3 ⁎ , as a percentage of DIC, decreased from 12 to 2.7% with increasing percentage of arable or horticultural land.
Median EpCO 2 also increased with the proportion of urban land, from 4.9× atm. press. in catchments with b0.05% urban land cover, to 12.3 × atm. press. in catchments with N 0.15% urban land cover (Fig. 6) . DOC also increased from 4.1 mg-C L −1 in catchments with the lowest proportions of urban land, to 6.3 mg-C L −1 in catchments with N0.15% urban land. However, there were no consistent patterns of change in DIC, %DIC, TDC, HCO 3 − , CO 3 2− or H 2 CO 3 ⁎ with increasing extent of urban areas. ) with median altitude (m) above sea level, and the percentage of arable or horticultural land within the catchment draining to each site. Microbial respiration, which releases CO 2 , can assume greater importance as a source of DIC in lower-alkalinity rivers, draining catchments with higher proportions of upland or moorland, compared with high-alkalinity lowland rivers draining agricultural land and carbonate-rich permeable sedimentary bedrock. This is exemplified by the paired lower-alkalinity and higher-alkalinity river types in north-west England, the urban Rivers Mersey and Douglas (Table 3 ). There was a stronger positive correlation between DIC and EpCO 2 for the lower-alkalinity River Mersey (r 2 = 0.529) which drains a higher altitude catchment with higher proportions of mountain heath, or bog, compared with the higher-alkalinity River Douglas (r 2 = 0.195) which drains a lowland catchment with a higher proportion of arable land. In the lowland catchments, both DIC concentrations and EpCO 2 were higher, but with a smaller percentage of DIC composed of H 2 CO 3 ⁎ . In the rivers draining the lower alkalinity higher-elevation catchments, although EpCO 2 and DIC were lower, H 2 CO 3 ⁎ accounted for a larger percentage of DIC concentrations.
Temporal variability in DIC concentrations
The relative contributions of H 2 CO 3 ⁎ (from microbial respiration) and HCO 3 − (from weathering) can have important implications for the longterm (39-year) trends in river DIC concentrations, related to changes in organic matter availability for microbial respiration. For example, there were large-scale reductions in EpCO 2 in the Rivers Mersey and Douglas, from the mid-1970s to the mid-1980s, as a result of improvements in sewage treatment, which reduced gross organic pollution and rates of microbial respiration in these rivers (Fig. 7) . In the River Douglas, the mean EpCO 2 decreased from 42 × atm. press. in 1975, to 10× atm. press. in 1985 (Fig. 7) . The corresponding decrease in mean EpCO 2 in the Mersey was very similar: from 43 × atm. press. In 1975 to 10 × atm. press. in 1985. However, in the lower alkalinity River Mersey, where H 2 CO 3 ⁎ comprised a larger percentage of DIC, the reductions in CO 2 production, resulting from improved wastewater treatment, were linked with a larger a reduction in mean DIC concentrations than in the River Douglas. In the River Mersey, mean DIC declined by a third, from 36 mg-C L − 1 in 1975
(when H 2 CO 3 ⁎ accounted for 23% of DIC) to 24 mg-C L − 1 (when H 2 CO 3 ⁎ accounted for 9% of DIC). In the higher-alkalinity River Douglas, the impacts of reduced microbial CO 2 production on DIC concentrations were smaller: mean DIC in the Douglas reduced from 44 mg-C L −1 in 1975 to 39 mg-C L −1 in 1985, as a result of H 2 CO 3 ⁎ contributing a smaller proportion of the DIC (13% in 1975 and 5% in 1985) . The HMS DOC data has large gaps in the temporal record, with the greatest availability of DOC data available after 2005; therefore the long-term time series in DOC were not considered here. However, other data resources, such as the UK Environmental Change Network, have shown increases in DOC in upland acid-sensitive catchments, related to air-quality improvements and reversal of acidification ( 
DIC contributions to total dissolved carbon fluxes from the seven largest British rivers
Using daily flows measured at the nearest gauging station to the HMS monitoring sites, annual riverine loads of DOC, DIC (and the three component DIC species, (HCO 3 − , CO 3 2− and H 2 CO 3 ⁎ ) were calculated for the seven largest rivers in Great Britain (Fig. 1) , using "Method 5", the favoured OSPARCOM method for estimating determinand loads from periodic concentration and flow data (Littlewood et al., 1998) . Annual loads are presented for 2007 (Tables 1 and 4 (Eatherall et al., 1998) which calculated DIC and DOC fluxes from the Humber Rivers (including the Yorkshire Ouse and Trent). The total riverine flux of DOC in 2007 from these seven largest British rivers amounted to 120 kt, compared with 575 kt of DIC. Therefore, expressed as a percentage of TDC, DOC accounted for only 17% of the total annual flux of dissolved carbon in 2007. The HMS datasets, from which the annual DOC and DIC fluxes were calculated, are based on monthly water quality data. This type of sampling regime may be biased towards lowflow conditions (Littlewood et al., 1998; Robson and Neal, 1997) , which may underestimate DOC fluxes, given the importance of high flows for riverine DOC transport (Eatherall et al., 1998; Tipping et al., 1997) . Therefore to evaluate the impacts of high and low flows on the contributions of DIC and DOC to TDC fluxes, we used the entire 39-year record to quantify mean baseflow and stormflow DIC, DOC and TDC fluxes (Table 5) . A mean daily baseflow flux was calculated for each river from samples collected at flows below the 10th flow percentile. A mean daily stormflow flux was calculated from samples collected at flows above the 90th flow percentile. At baseflow, DOC contributes b20% of the mean daily TDC flux in six of the seven rivers; with DOC accounting for 38% of the mean baseflow TDC flux in the upland River Tay. DOC contributions to daily stormflow TDC fluxes were greater, but still only accounted for b25% of TDC fluxes in 5 of the seven rivers. DOC accounted for 35% of the mean daily stormflow fluxes in the Tweed and 49.5% of the mean daily TDC flux in the Tay. Therefore, even under the highest 10% of flows sampled over 39 years, stormflow DIC fluxes exceeded stormflow DOC fluxes in all seven of the largest British Rivers, even those with a large proportion of upland peat-dominated catchment areas. The mean daily baseflow TDC load from all seven largest British rivers was 0.361 kt-C day − 1 , of which only 14% was DOC; and the mean daily stormflow TDC load from all seven rivers was 5.80 kt-C day − 1 , of which only 21%
was DOC. ⁎ as % of DIC: mean (median) 13 (11) 9 (7) 4. Discussion DIC was the dominant fraction of the dissolved carbon loads and concentration across all the major rivers in Great Britain draining into the coastal zone. The overwhelmingly dominant source of DIC in these rivers was HCO 3 − . The dominance of HCO 3 − from weathering sources for DIC concentrations in lowland rivers is directly linked to the greater contributions of groundwater discharge from permeable carbonate-rich sedimentary bedrock in the lowlands, and enhanced rates of weathering associated with tillage of lowland arable land. This leads to a strong upland-lowland gradation in DIC concentrations, with: (a) strong positive correlations between DIC concentrations and variables characteristic of lowland catchments, including baseflow index and percentage of high-permeability bedrock, percentages of arable or horticulture and urban land, and soil moisture deficit; and (b) negative correlations with variables which are characteristic of the uplands, including altitude, rainfall, catchment wetness, low-permeability bedrock and upland land use types, including woodland and mountain heath or bog. Despite upland peaty soils being an important source of DOC, there were no clear-cut upland-lowland transitions in DOC concentrations. DOC, EpCO 2 and DIC all showed positive correlations with the percentage of urban land, suggesting that urban areas provide a key lowland source of DOC and DIC. However, CO 2 production by microbial respiration assumes greater significance for DIC in the uplands than in the lowlands. The changes in inorganic C speciation, from lowland rivers, where DIC is overwhelmingly dominated by HCO 3 − to upland catchments, which have higher proportions of H 2 CO 3 ⁎ , reflect an important transition in the relative importance of the two major sources of DIC to rivers: (i) weathering of soils and carbonate rocks which generates HCO 3 − , and (ii) microbial respiration, which releases CO 2 to produce H 2 CO 3 ⁎ . Although both HCO 3 − and H 2 CO 3 ⁎ increase in lowland agricultural catchments, the rates of increase in HCO 3 − are generally greater than for H 2 CO 3 ⁎ , owing to the large increase in rates of carbonate weathering in lowlands. Higher rates of weathering in the lowlands arise from (a) higher contributions of groundwater, often from carbonate-rich permeable lithologies; and, (b) soil tillage in arable land, which increases the rates of and depth of weathering in the soil profile, increasing HCO 3 − concentrations in drainage waters.
Low-alkalinity rivers draining upland catchments tend to have greater proportions of DIC as H 2 CO 3 ⁎ , and lower proportions of HCO 3 − , owing to lower weathering rates. In low-alkalinity rivers, especially those draining upland catchments, this has key significance for longterm trends in DIC. EpCO 2 and thus H 2 CO 3 ⁎ are highly sensitive to changes in wastewater management: improvements to sewage treatment in the 1970s and 1980s reduced gross organic pollution of rivers, and thus reduced rates of microbial respiration and CO 2 production. In the lower-alkalinity rivers, improved wastewater treatment has reduced DIC concentrations; for example, there was decrease in DIC concentrations of c.33% in the River Mersey between 1975 and 1985. In contrast, in the lowland higher alkalinity rivers, the effects of improved wastewater treatment and reduced CO 2 production on DIC concentrations and fluxes are masked by the dominance of DIC by HCO 3 − . DIC fluxes exceeded DOC fluxes even under the highest flow conditions sampled over a 39-year period, and even for rivers such as the Tay and Tweed which drain upland peaty catchments. These results clearly demonstrate the importance of accounting for DIC concentrations and fluxes for quantifying dissolved carbon transfers from land via rivers to the coastal zone. Currently, only DOC is routinely measured in most water-quality studies. Our results show that, even in major rivers draining upland catchments, such as the River Tay, by only measuring DOC, we are failing to account N50% of the dissolved carbon flux. In the lowlands such as the Thames, Severn, Trent, Ely Ouse and Yorkshire Ouse, by only measuring DOC, we fail to account for 80% or more of the annual dissolved carbon flux.
Particulate organic carbon (POC) was not routinely measured as part of the HMS monitoring programme; however, earlier UK river flux studies have shown that POC fluxes are consistently smaller than DOC fluxes (Eatherall et al., 1998; Tipping et al., 1997) , with POC contributing 29-40% of the Total Organic Carbon flux. Applying this POC-DOC fractionation to the annual C fluxes from the seven largest British rivers would produce an estimated POC flux of between 49 and 79 kt-C year
. This means that POC would contribute between 7% and 11% of a total annual C flux (DIC + DOC + POC), compared with 15-16% from DOC, and 74-77% from DIC. Thus even when POC contributions are taken into consideration, DIC remains the overwhelmingly dominant C flux to the British coastal zone. By quantifying freshwater DIC contributions to TDC fluxes, the THINCARB model addresses strategic requirements to identify and characterise the components of carbon budgets along the river continuum from headwaters, through rivers, discharging to estuaries. This is a fundamental requirement for understanding the connectivity of carbon sources and pathways, and carbon cycling in freshwaters, including the sources and sinks of CO 2 linked to heterotrophy, autotrophy, and precipitation of CaCO 3 , under varying climate and hydrological settings. 
Conclusions
River water-quality monitoring studies rarely measure DIC concentrations, but routinely-measured alkalinity, pH and temperature can be used to determine DIC concentrations using established thermodynamic calculations. Here, we provide the THINCARB model as tool for calculating this vital and missing inorganic component of the freshwater carbon flux. THINCARB calculates DIC concentrations, speciation (HCO 3 − , CO 3 2− and H 2 CO 3 ⁎ ) and EpCO 2 from routine measurements of pH, alkalinity and temperature. If measurements of Ca are available, the THINCARB model also calculates calcite saturation. The application of the THINCARB model to the 39-year UK Harmonised Monitoring Scheme dataset provides new insight into the national-scale spatial and temporal variability in DIC in British rivers, the contributions of DIC relative to DOC, and the importance of the two major sources of DIC to rivers: HCO 3 − from weathering of carbonate-rich rocks, and CO 2 production by respiration of aquatic organisms. Despite an overwhelming focus on measuring DOC in rivers, our research shows that DOC represents a minor component of the dissolved carbon fluxes entering the coastal zone from British rivers. In the seven largest British rivers, DIC accounted for an average of 80% of the TDC (ranging from 57% in the upland River Tay, to 91% in the lowland River Thames). Moreover, given that POC fluxes from UK rivers are consistently lower than DOC fluxes (Eatherall et al., 1998; Tipping et al., 1997) , DIC fluxes are therefore most likely also the major source of total carbon fluxes to the coastal zone. The current paucity of information on DIC transfers from the terrestrial environment, via rivers to the coastal zone, highlights a major gap in our understanding of carbon cycling along the land-water continuum. Recent work on macronutrient (C:N:P) stoichiometry and cycling in British rivers, lakes and groundwaters (e.g., Stewart and Lapworth, 2016; Tipping et al., 2016) relies solely on DOC measurements, with no consideration of DIC. However, understanding the coupling of nutrient cycles, and their impacts on the macronutrient status of water bodies, requires quantification of both inorganic and organic concentrations and fluxes of C, N and P. This national-scale study of carbon concentrations and fluxes for British rivers, using the Harmonised Monitoring Scheme data reveals, for the first time, the widespread dominance of inorganic C to dissolved carbon fluxes in British rivers. The THINCARB model addresses a fundamental, pressing and strategic need to quantify the contributions of DIC to freshwater carbon fluxes. Quantification of freshwater DIC concentrations and fluxes is required for understanding current carbon cycling and processing along the landwater continuum, the implications for aquatic ecosystem primary productivity, and the role of freshwaters as sources and sinks of CO 2 within the global carbon cycle, and for predicting the long-term evolution of C fluxes between terrestrial and marine environments. The Alk H+ endpoint correction term in {} brackets is approximate (due to pH being a measure of chemical activity rather than concentration) but small (typically less than 10%) and may be ignored for samples with strongly positive alkalinities. As an example, for a titration endpoint of pH 4.5 the correction term is approximately 32 μeq/L, but for a methyl orange endpoint the correction term can be three times higher.
Appendix B. Corrections to the Neal et al. (1998) 
model
After publication of the Neal et al. (1998) . model it became apparent that trivial errors had crept into some formulae. In developing THINCARB the opportunity has been taken to correct these errors. Table B1 below details these corrections and should be read alongside Table 1a in Neal et al. (1998) . Note, however, that in the THINCARB Excel™ spreadsheet the actual cell references shown in Table B1 are different. When tested on the randomly selected set of experimental data shown in Table B2 , the impact of the corrections in Table B1 across any of the 36 parameters calculated by the THINCARB model range from a change of − 0.07% to a change of + 2.4%, with a mean change of +0.18% (for the same residual charge balance of~10
−5 e; assuming sea level). The effect of the corrections is generally to fractionally reduce the value of EpCO 2 , though in some instances it is unaffected, reflecting the complex interplay between pH, alkalinity and temperature. There is a similar effect on the calculated total DIC concentration, DIC total , from the THINCARB model if the corrected formulae are not applied (values in italics).
Finally, there was also an error in the altitude compensation correction, Eq. (A1-c) in Neal et al. (1998) . EpCO 2;compensated ¼ EpCO 2;calculated Â P s =P 0 which should have read EpCO 2;compensated ¼ EpCO 2;calculated Â P 0 =P s where P 0 is the atmospheric pressure at sea level, P s is the atmospheric pressure at an altitude of s metres, and the ratio P 0 /P s is given by the empirical relationship in Eq. (A1-a). Although this altitude compensation was never actually included in the original Lotus™ 1-2-3 spreadsheet implementation of the Neal et al. model, it is implemented in THINCARB.
Appendix C. Comparison of "case 3" vs "case 5" calculations EpCO 2 and SI calcite values for a wide range of UK surface waters, based on the extensive compilation provided by Neal et al. (2012) (n = 7828), were calculated using the THINCARB model both with and without optimisation. These two sets of calculations correspond to the "case 5" and "case 3" calculations in Neal et al. (1998) , respectively. The pairs of values were then compared by linear regression of "case 5" (Y) against "case 3" (X). As shown in Table C1 below, the two pairs of relationships are virtually 1:1 whether or not a constant is included in the regression analysis.
Appendix D. Validation of the THINCARB model DIC calculations
The DIC concentrations calculated by THINCARB have been validated by comparison with experimental data from the literature, of which it must be said there is not a significant body. This no doubt reflects the difficulties associated with the robust experimental determination of DIC in water samples and in turn highlights the usefulness of a model like THINCARB. Example comparisons, using water sample data sourced from three continents, are shown in Tables D1 and D2 below. Estimated altitudes were derived from internet sources. Where the temperature of a sample was not provided a default value of 20°C has been used in the calculations.
In the first set of comparisons (Table D1 ) the agreement between experiment and model calculation is seen to be extremely good (r 2 = 0.999).
In the second set of comparisons (Table D2) , whilst THINCARB generally mirrors the changes in the experimental values, there is rather greater variability between the experimental and calculated values of the DIC concentration. However, there is likely a very good reason for EpCO 2 rough (case 1) (B17 + (10^−A17)) * (10^(6 − A17)) / 5.25 (B17 + (10^(6 − A17))) * (10^(6 − A17)) / 5.25 EPCO 2 less rough (case 2) ((0.95 * B17) + (10^−A17)) * (10^(6 − A17)) / (6.46 − (0.0636 * C17)) ((0.95 * B17) + (10^(6 − A17))) * (10^(6 − A17)) / (6.46 − (0.0636 * C17)) EpCO 2 less rough inc this variability. Whitfield et al. (2009) studied boreal lakes in northern Canada, an area in which peatlands are a dominant landscape component. The lakes have low alkalinity and high DOC: conditions under which the thermodynamics underlying the THINCARB model become less reliable because of the impact of organic acids in the DOC on the alkalinity titration (see Appendix A). It may also be the case that, at low alkalinities, the contributions of dissolved CO 2 to the DIC are proportionally greater, meaning measurements are more sensitive to CO 2 degassing. For low alkalinity waters in general, the alkalinity estimates of EpCO 2 become less reliable as linked to a number of issues , pH measurements using conventional electrode systems can become more problematical (Neal and Thomas, 1985) and the value of alkalimetric rather than acidimetric titrations becomes clear (Neal, 1988) . Lastly, to convert the alkalinity data provided by Whitfield et al. (2009) to equivalent units it was necessary for us to make an assumption about the speciation of the data: CaCO 3 has been assumed. 
Supplementary Material
This includes catchment descriptions; and Tables SI1-4: Summary statistics (mean median, max and min, and sample numbers) for dissolved inorganic carbon (DIC), excess partial pressure of carbon dioxide (EpCO 2 ), dissolved organic carbon (DOC), and dissolved inorganic carbon expressed as a percentage of total dissolved carbon (%DIC), for the UK Harmonised River Scheme river monitoring sites. Supplementary data associated with this article can be found in the online version, at http://dx.doi.org/10.1016/j.scitotenv.2016.08.201.
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